Multilayer and 1:1 blended films of zinc phthalocyanine (ZnPc) and buckminsterfullerene (C 60 ) were investigated as model active layers for solar cells by time-resolved terahertz spectroscopy (TRTS). Relative photon-to-carrier efficiencies were determined from ultrafast decay dynamics of photogenerated carriers using 400 and 800 nm excitation for delay times up to 0.5 ns. The findings are in good agreement with reported solar-cell device measurements, and the results exhibit a near linear increase of the relative efficiencies with the interface number of multilayer films. The relative photon-to-carrier efficiencies of films composed of alternating layers with an individual layer thickness of less than 20 nm were higher than that of a 1:1 blended film. In contrast, 400 nm excitation of a C 60 only film initially yields a relatively strong THz signal that is followed by a rapid (picosecond) decay almost to its base value and results in a very low carrier density beyond a few picoseconds. For a given film thickness and optical density, our data suggest that the relative photon-to-carrier efficiency of multilayer films increases with increasing total interfacial area, emphasizing the importance of close proximity between the fullerene and phythalocyanine. These findings suggest that the highest photon-to-free-carrier efficiencies can be achieved by designing ultrathin films (having layers a few nanometers thick) with alternating multilayer structures to achieve high photon harvesting and charge separation to opposite layers.
Introduction
Photovoltaics based on organic semiconductors continue to show much promise for solar energy conversion. 1, 2 Such devices are based on thin films consisting of small organic molecules or, alternatively, large conjugated polymers. Thin organic films are attractive for a variety of reasons, including relatively easy solution processing, potential low cost, flexibility, and the ability to engineer their physical properties. In the case of photovoltaic devices based on small organic molecules, power conversion efficiencies in the range of 3-4% may be obtained. 3 To further optimize the performance of organic-based photovoltaics, it will be important to refine our understanding of photocarrier dynamics in the active organic layer. Two properties of particular importance are photocarrier generation efficiency and carrier relaxation back to equilibrium.
A variety of device structures are often used to characterize the electrical properties of the active organic layer. However, such characterization within a device can be affected by the metal-organic contact and device geometry, making determination of the intrinsic properties difficult. An alternative technique for investigating intrinsic electrical properties of materials is based on using ultrashort terahertz (THz) pulses. 4 In this method, the electrical properties of the organic thin film are determined spectroscopically, which eliminates the need for electrical contacts with the organic material. The technique of time-resolved THz spectroscopy (TRTS) combines ultrashort THz pulses and optical pulses in a pump-probe configuration. 5 Here, the THz pulse probes the transient photoconductivity induced by the optical pulse, resulting in the determination of the electronic transport properties with (sub-)picosecond time scale resolution. TRTS has been applied to the characterization of intrinsic electronic transport in a variety of inorganic and organic materials. [6] [7] [8] [9] [10] [11] Thin films consisting of zinc phthalocyanine (ZnPc) and buckminsterfullerene (C 60 ) are promising active materials for organic photovoltaics, as well as model materials for the study of photocarrier dynamics. In this Article, we use TRTS to investigate the carrier dynamics of blended ZnPc:C 60 films and of nanometer-scale multilayer films having alternating ZnPc and C 60 layers. We compare picosecond time scale dynamics in the range 1-500 ps for a series of ZnPc:C 60 multilayer films, and a single blended film prepared as a 1:1 ratio of ZnPc:C 60 by weight. The multilayer films contain alternating ZnPc and C 60 layers, where the layer thickness is varied systematically between 5 and 40 nm. Our TRTS studies of these films focus on the role that the interfacial region between ZnPc and C 60 plays in photocarrier generation efficiency and subsequent carrier relaxation dynamics. The TRTS transients for both blended and multilayer films are complex, exhibiting several components with decay times ranging from approximately 1 ps to about 1 ns. The relative strengths of the different temporal components are observed to vary in a sensitive way with respect to the layer thickness for the multilayer films. We discuss how our results from measurements of carrier generation efficiency and carrier relaxation relate to recent achievements of power conversion efficiency for small molecule photovoltaic devices made from blended and multilayer organic films.
Experimental Section
Film Syntheses and Characterization. All chemicals were purchased from Sigma-Aldrich Inc.
12 and purified via consecutive vacuum train sublimation. The blended and multilayer films of ZnPc and C 60 were deposited from separate resistive heating furnaces at a rate of 2 Å/s under high vacuum (∼6 × 10 -5 Pa). All samples were deposited on amorphous quartz substrates that yield no detectable THz generation from UV irradiation. A quartz crystal thickness monitor was used to monitor the deposition rate and to estimate the total thicknesses (∼200 nm) of the deposited films. The blended film was prepared by simultaneous deposition of ZnPc and C 60 at a 1:1 weight percent ratio. Multilayered film structures were formed by vapor deposition of alternating nanolayers of ZnPc or C 60 . The alternating layer thickness ranged from 5 to 40 nm.
TRTS signal magnitudes are scaled with respect to the optical densities (OD) of each film because films with higher OD result in correspondingly larger differential THz transmission signals. Optical densities (at 400 nm) of the measured films are given in Table 1 . UV absorption spectra of C 60 , ZnPc, 1:1 blend, and a 10 nm layered film are given in Figure 1 for comparison. Figure 2a contains a schematic drawing of the alternating multilayer structured film deposited on an amorphous fused silica substrate examined by the TRTS measurement technique. The light and dark gray regions represent ZnPc and C 60 layers, respectively. This cartoon illustrates the interaction of the incident excitation light with the absorbing media at the photoactive region where carriers separate into opposing layers and diffuse in time (illustrated as hole, h + , and electron, e -, regions with contrasting colors inside the corresponding layers). Figure 2b depicts a possible mechanism for charge separation via optical excitation of ZnPc and electron transfer to C 60 during the early time dynamics measured by TRTS.
Time-Resolved THz Spectrometer. Details concerning the Ti:Sapphire kHz laser amplifier-based TRTS apparatus used in this study were reported elsewhere. 8 The thin films were optically excited with 400 nm (3.1 eV, fluence of ∼5 × 10 18 photons/m 2 ), and similar 800 nm 60 fs pump pulses and interrogated with optically gated and synchronized time-delayed ultrafast THz probe pulses (∼0.5 ps fwhm with center frequency at ∼1 THz). The strongest observed pump-induced modulation in the THz field is less than 1% of the peak transmitted THz field amplitude. The differential THz transmission time-dependent responses shown below were obtained by averaging between 40 and 120 individual TRTS transients (each sweep taking ∼1 min). Noise differences arise from averaging a different number of scans. The TRTS spectrometer is contained inside a plastic housing purged with dry and CO 2 -free air to minimize water vapor interference effects. Excitation average power of ∼20 mW (ca. 0.2 W/cm 2 or per pulse fluence of 8 GW/cm 2 ) was well within the linear regime of power-dependent TRTS signals for these samples. A power dependence peak signal check was performed on a pure C 60 film (OD ) 2.6) using up to 40 mW of excitation power, and a linear signal response was observed. We did not observe photo-oxidation or photobleaching of the films over the course of the measurements. However, minor nonreversible photodamage was observed for longer than 6 h of continuous photoexposure of the samples.
Measurement Technique. Figure 3a shows a typical time domain THz waveform, and Figure 3b shows the corresponding transient differential THz transmission signal (or ∆T/T o ) upon excitation of the film with respect to the pump-probe time delay. The differential transmission data are collected by monitoring the THz peak transmission amplitude (shown by the arrow in Figure 3a ) as a function of the relative time delay between THz probe pulses and 400 nm pump pulses.
When the pump pulse impinges on the sample film, the material is photoexcited and carriers are generated. There is no detectable change in THz probe pulse amplitude before the 400 nm pump pulses arrives at the sample (time delay <0 ps), and the differential transmission is zero. A change in THz transmission is observed when the probe beam arrives at the same time as the pump beam excites (∼0 ps) the sample or after the pump beam excitation (time delay >0 ps). The instrument has ∼0.5 ps time resolution (based on THz response measurements of a double-side polished silicon wafer). It is known that carrier generation in molecular-based semiconductor films occurs significantly faster (<0.3 ps) 2,13-15 than this instrumental time resolution. Therefore, the peak amplitude near zero delay between the pump and probe pulses (which is at ∼1 ps in Figure  4 ) is not directly proportional to the instantaneous generated carrier population but reflects an integrated amount detected by the system. The carrier population at the time of generation cannot be estimated from the response, but relative fractions of free-carrier population that exist at much later times (>20 ps in this case) can be used for relative photon-to-carrier efficiency comparisons between multilayered films. As the delay time changes, the differential THz transmission measures the freecarrier population evolution in time. This provides important information about the carrier recombination rates at early times along with the relative efficiency and carrier mobility of the materials.
At any given time delay, the measured differential THz transmission is proportional to the product of the effective mobility and carrier density, which in turn is proportional to the carrier generation efficiency (see ref 10 and references therein for more details). Because the multilayer films were composed of the same neat materials (ZnPc and C 60 ), and only the individual layer thickness was changed, similar effective mobilities were assumed for all of the films while the carrier concentration is assumed to be changing with the change in thickness or with the change in interfacial number (and interfacial area). Therefore, the comparison of differential THz transmission signals for films at a fixed delay time (that is >20 ps in these studies) directly compares the relative carrier density resulting from photoexcitation of the films. The relative decay rates and signal levels are used to evaluate the efficiencies of the multilayer films relative to each other.
Results and Discussion
Results from early time (<50 ps) dynamics studies of the alternating multilayer films by TRTS using 400 and 800 nm excitation suggest two independent contributions to the charge carrier generation: in bulk media (mainly C 60 ) and at the ZnPc/C 60 interface. Negligible charge generation of neat ZnPc film via excitation using both pump wavelengths supports a strong exciton binding energy as expected for small organic molecules. 2, [16] [17] [18] [19] [20] Moreover, excitation of a pure C 60 film at 400 nm results mainly in very short-lived carriers. However, we find that the alternating nanolayer structures of ZnPc and C 60 result in long-lived carrier signals, and their amplitudes are proportional to the interfacial numbers of the films. These results suggest that generation of the long-lived carriers strongly depends on interfacial area between ZnPc and C 60 rather than the bulk content of the films.
A. Differential Transmission Signals from Alternating Multilayer Films. Figure 4 compares the measured transient differential THz transmissions of several alternating multilayer films (of varying nanolayer thickness) and a 1:1 blended film of ZnPc and C 60 along with that of neat C 60 and neat ZnPc films. The data are corrected for OD variations at the 400 nm excitation wavelength because higher OD results in correspondingly higher signals (see Experimental Section for individual OD values and UV spectra of the films). The noise variations of the measured differential transmission data (in Figure 4 ) are due to differences in the number of averages and are significantly lower than the signal levels.
Prior to pump pulse arrival (time delay, t, < 1 ps) at the sample, no change in differential transmission is observed. This shows that only the carrier dynamics are observed in these measurements, and the dynamics are due to film photoexcitation with no instrumental contributions. Once the pump pulse arrives (t ≈ 1 ps), carriers are generated and their population dynamics evolves in time (t > 1 ps, refers to the region beyond the peak transient and the corresponding decay data). Relatively strong initial responses (at t ≈ 1 ps) upon 400 nm excitation were observed for both the neat C 60 (green line) and the multilayer films. However, excitation of ZnPc resulted in a negligible signal response (gray line). The strong initial response is followed by a multicomponent decay as the carrier population decreases and evolves in time. The differential transmission response of the neat C 60 film exhibits an ultrafast decay after the initial growth. More than 90% of the carriers generated by the photoexcitation disappear within 5 ps.
The decay dynamics of the alternating multilayer films are significantly different from the neat C 60 film response, and the TRTS signal increases in amplitude as the alternating layer thickness decreases.
21 Figure 4 also shows the multiexponential fit (thin solid lines) to the decay dynamics observed for the alternating multilayer films and neat C 60 film. The fitting parameters for a two exponential fit to the data are given in Table 2 . The initial ultrafast decay rate (1/t 1 ) associated with the multilayer films (∼1 to 3.5 ps) is similar to that of the neat C 60 film with a lifetime (t 1 ) of ∼0.7 ps, which is possibly limited by the instrument response. However, beyond about 2 ps, the multilayer films show a strong enhancement of the longer lived response as compared to the neat C 60 film. The limiting t 2 time constants of the alternating multilayer films show decreasing decay rates for the carriers as the individual alternating layer thickness decreased from 40 to 5 nm. The slowest overall decay was observed for the multilayer film with 10 nm alternating layer thickness, but the highest population of long-lived carriers at later delay times (t > 20 ps) occurs for the 5 nm layered sample. The large error bars for the extracted t 2 time constant predominantly arise from the restricted time delay range investigated (t < 50 ps) and noise levels. However, much longer relaxation times of more than 100 ps are observed for the longlived carriers, and this finding will be discussed in the following section.
The reduction in decay rate as the layer thickness decreases may result from elimination of charge trapping and/or fast recombination sites that enable the carriers to reach the interface in the shortest distance from the bulk regions of the films. The observed slowing in the decay rate may also result from increasing secondary charge generation contribution as the layer thickness decreases. The second possibility may dominate because: (1) the total interfacial area increases as the layer thickness decreases (while the total film thickness is approximately constant) in these multilayered films, which enables higher interface assisted charge generation; and (2) there is an increase in the peak amplitude and ∼200 fs shift in the peak position to later time as the layer thickness decreases ( Figure  4) . One would not expect the peak amplitude to increase and shift in time if only more carriers were retained after the initial charge generation. The results from 800 nm excitation also support the notion that an increase in charge generation occurs as the layer thickness is decreased (see below).
Enhancement of exciton dissociation to free carriers by the presence of an interface is a well-known phenomenon, 17, 22, 23 and this situation may be responsible for the observed increase in the peak amplitude and shift in the peak position as the layer thickness decreases or as the interface number increases for the alternating multilayer films. However, identifying which of the ZnPc and C 60 excitons is the dominant component to the observed effect remains an open question. In an attempt to identify the contribution from ZnPc exciton dissociation to the observed signals, we studied the response of the nanolayer films using 800 nm excitation ( Figure 5 ). At 800 nm, absorption by C 60 is relatively small as compared to that of ZnPc (see Figure  2 ). High power (>40 mW) excitation of the layered films resulted in a similar response (not shown) to direct 400 nm excitation, possibly due to two-photon absorption by C 60 in the multilayer films. The two-photon excitation of the C 60 component of the film is also monitored by excitation of neat C 60 film with 800 nm pulses using similar power (see black line in Figure 5 ). For excitation powers e20 mW, 800 nm excitation of both neat ZnPc and neat C 60 films resulted in negligible transient signal levels, suggesting that the observed TRTS signal for nanolayered films using 800 nm excitation arises from charge transfer from ZnPc to C 60 . This result agrees with the findings by Lloyd et al. from a CuPc/C 60 photocurrent study where it was shown that electron transfer from CuPc to C 60 is the main process as compared to energy transfer in the region where CuPc dominantly absorbs (>600 nm). 24 However, we cannot rule out the possibility that generation of free carriers may occur by excitation of either ZnPc or C 60 because 800 nm absorption of C 60 molecules is not zero and weak absorption may still result in exciton dissociation aided by an interface. 25 The 10 nm alternating multilayer film TRTS response using 400 and 800 nm excitation is presented in Figure 5 (all other multilayer films exhibited a similar response). The transient data are corrected for excitation photon number and OD differences. The initially strong peak response (at t ≈ 1 ps) seen in the differential transmission signal via 400 nm excitation was not observed with 800 nm excitation. This observation confirms that the peak and rapid decay observed in the differential transmission response of the multilayered films via 400 nm excitation is dominated by the bulk C 60 response, especially for thick layered films. In addition, the decay dynamics resulting from using either 400 or 800 nm excitation of the multilayer films are very similar beyond the ultrafast decay of the bulk C 60 component (>10 ps).
In summary, our measurements suggest that the t ≈ 0 peak response and the initial fast transient signal decay observed in these films using 400 nm excitation are dominated by the C 60 layers of the films, especially for the films with thick alternating layers (such as >10 nm). The TRTS signal response from the alternating multilayered films also suggests there is a growing contribution from an interfacial charge generation mechanism that was also observed using 800 nm excitation. The increasing secondary (interface assisted) charge generation contribution explains the increase in peak amplitude and shift in peak position as the alternating ZnPc and C 60 layer thickness decreases for the data collected for 400 nm excitation of these alternating multilayer films. Although the observed two carrier generation contributions to the TRTS signal (one occurring within the bulk C 60 and the other at the interface of the alternating ZnPc and C 60 layers) occur roughly within the same time frame, the results suggest that the two processes are effectively independent of each other provided that the layer thickness is large relative to the effective width of the active region at the interfaces.
The free-carrier generation processes must depend on the chemical and physical properties of the materials, especially from C 60 , and their molecular interactions at the interface. With its highly localized conjugation, high ionization potential, and triply degenerate excited state, the C 60 molecule is a perfect candidate to be a many electron (up to six) acceptor. 26, 27 However, the very fast decay response of the neat C 60 film also suggests that most of the carriers directly generated by excitation of C 60 do not travel far and rapidly recombine. Both the hole and the electron may delocalize inside the same molecule from which they are generated or a nearby C 60 molecule. This increases the probability of recombination and results in annihilation of most of the carriers within a few picoseconds, as observed in the data. However, free-electron carriers injected through the interface into the C 60 layer via direct photoexcitation of ZnPc or via hole transfer to the ZnPc layer leave freely migrating holes in the ZnPc layer and electrons in C 60 layer. In this scenario, the recombination lifetime is possibly limited by tunneling of charges through the interface or by the annihilation of charges at the interface because back transfer is highly unlikely due to the built-in field at the interface by HOMO and LUMO of the ZnPc and the C 60 . 13, 19, [28] [29] [30] Examination of a neat ZnPc film under identical measurement conditions as the mixed films showed that minimal carrier generation occurs by direct photoexcitation. The reported very low conductivity of neat ZnPc films 31,32 is a signature of low carrier population generation and low mobility of carriers in ZnPc as measured using TRTS. Our results strongly indicate that photogenerated ZnPc excitons do not dissociate into free charges within the measurement time frame unless C 60 is in very close proximity to the excited ZnPc molecule. This result suggests that ZnPc excitons are tightly bound and require strong neighboring electron-acceptor groups for dissociation to occur. These results agree with the reported high binding energies for ZnPc and other small organic films. 2, [32] [33] [34] [35] In addition, exciton diffusion in both the ZnPc and the C 60 bulk layers must be either very slow or nonexistent within the measured time frame (<50 ps) because the differential transmission signal level appears to depend linearly on the interfacial number, and significant deviation from this effect is not observed (see next section).
B. Relative Photon-to-Carrier Efficiencies. The amplitude of the differential transmission at delays well beyond the initial fast recombination times (t > 20 ps in this study) is expected to be proportional to the relative carrier generation efficiencies of these model films, as discussed earlier in the Experimental Section. A direct comparison of the differential transmission amplitude at a long delay time, (i.e., 45 ps) to the photon-tocarrier efficiencies assumes similar effective mobilities for the films. Given that only the layer thickness is changing for each film and the total film thickness is kept approximately constant, this is a very reasonable assumption because the carrier mobility depends on the transport properties of bulk ZnPc and C 60 layers for the films. We acknowledge that this assumption may not hold as well for the thinnest (5 nm) layers due to possible changes in layer morphology near the interface, which in turn can alter the mobility.
The amplitude of the differential transmission data at 45 ps (see Figure 4) , and hence the relative photon-to-carrier generation efficiencies of the films, increases as the layer thickness decreases. The 40 nm alternating layer film exhibits the lowest photoconversion efficiency, while the film with 5 nm alternating layers yields the highest free-carrier density. The increase observed in photon to long-lived carrier conversion as the alternating layers become thinner is due mainly to the increase in the interface number (or the total interfacial area of the films) rather than to the thickness of the layers. There is an inverse relation between the layer thickness and the number of interfaces in a film while the total film thickness is kept constant. For example, a 20 nm alternating multilayer film will have approximately twice the interface number relative to a film with 40 nm alternating layers, and will have one-half of the interface number as compared to a film with 10 nm alternating layers. . Data are corrected for film OD and photon number differences, and the signal decay response for 800 nm excitation fit to a double-exponential decay after subtracting the long time offset (see text). The inset shows the power dependence of the peak TRTS signal of the multilayer film using 800 nm excitation.
Similar interfacial number relations can be calculated for the films with other layer thicknesses. Table 3 and Figure 6 compare the ratios of the TRTS signal amplitudes from the multilayer films measured at 45 ps to the ratios of interface numbers for these films. The calculated ratio of the interface number of one film to that of another (i.e., the ratio of the interface number of the film with 5 nm alternating layer to the interface number of the film with 10 nm alternating layers) shows a near linear correlation with the ratio of the TRTS signal amplitudes of the films (i.e., for 5 and 10 nm alternating layered films) measured at 45 ps. The near linear dependence of the TRTS signal (or relative efficiency) on the interfacial number suggests that there is a significant interfacial interaction between ZnPc and C 60 molecules and charge separation into the opposing molecular layers. In addition, such an interface number correlation can only be possible when there is no difference in the decay rates of the charge carriers generated at the interface (as seen in Figure 5 ) and when the interfacial generation and recombination processes are effectively independent of the C 60 carrier generation and recombination processes, as stated above. It is noteworthy that in a related device study examining 10 nm and larger alternating layers, Arbour et al. showed that the photocurrent increases linearly with the interfacial number. 33 The correlation that persists for layer thicknesses down to 5 nm also suggests that the lowest thickness limit has not been reached for these multilayer films. The 5 nm thick layers of ZnPc and C 60 are clearly sufficient to separate and keep charges apart from each other to achieve high photon-to-carrier efficiency. Given the molecular dimensions of C 60 (∼0.75 nm diameter) and ZnPc (∼1.5 nm length), 5 nm layers still provide multiple layers of molecules even if the ZnPc molecular plane is not completely parallel to the substrate.
28,36,37
The results obtained for the 5 nm alternating multilayer film suggest that carrier generation and effective charge separation occur between the layers within a thin (<2.5 nm) active region at the interface. This small active region is on the order of molecular dimensions and suggests that excitation of ZnPc or C 60 results in either molecular (Frenkel) 38 or charge transfer excitons within the measurement time frame in these multilayer films. 28 One should note that this discussion is based on the time scale of our measurements (<1 ns) and may not correlate well with direct device or longer time measurements. However, the proposed active region thickness is on the same order of magnitude as that found in earlier reported device results, which also suggested a 5-10 nm active region at the interface 2, 33, [39] [40] [41] or a very small (6-10 nm) exciton diffusion length. 2, 16, 39 However, the active region thickness may also depend on the fabrication details of the layers, as suggested by Shevaleevskiy et al. 42 A demonstration of possible correlation between the TRTS measurements to device measurements may be obtained for transient data extending out to 0.5 ns. Figure 7 shows measurements of the differential TRTS signals for the 5 and 10 nm alternating layered samples. The results show that the ratio of the differential transmission remains similar as the carrier population evolves in time and suggest that it may be maintained even after many nanoseconds (approaching the device measurement time scale).
The observed nanosecond or longer lifetime of carriers that are separated into opposing layers of multilayer films agrees with Arbour et al.'s conclusion 28,33 that highly ordered, pure molecular layers keep carriers apart from each other and minimize the recombination rate. However, our result disagrees with their proposed requirement of having a molecularly flat interface and that molecular interactions are not required for enhanced carrier separation. Our data show a strong correlation between the relative efficiencies to the interface number, hence, to the total interfacial area or molecular interactions. Our results further suggest that the films with well-separated layers and intermingled interfaces that increase the molecular interaction of the donor and acceptor molecules will increase the efficiency I 2 ) are the average of 1 ps of data around 45 ps. Calc. ratio ) n int1 /n int2 is the number of interface of film x. Errors are calculated from the standard deviations. of the device as a result of a better photon-to-carrier conversion in addition to having layered structure to separate the charges to different layers. Reported results of Hong et al. for devices that use nanometer thin layers between the conduction layers may be an example of this type of enhancement effect. Figure  4 compares the transient differential signal amplitude for the nanolayered samples with the best blended film combination (1:1 by weight for ZnPc:C 60 ). The best blend ratio (the film that yielded the largest signal at delay times near 50 ps) was determined from a study of six blend samples where the blending ratio changed from 0% to 100% mass fraction. 43 The layered and blend film results suggest that the 40 nm alternating layered film achieves a lower carrier generation efficiency than does the best blended film. This finding may also explain why thick layered film devices are inefficient as compared to a device containing only a blended film. 3 However, the 20 nm alternating layered film appears to approach the photon-to-carrier efficiency achieved by the best blended film, while the thinner layers yield significantly better performance in overall photon-to-carrier conversion.
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C. Multilayer versus Blended Film Comparison.
One possible reason why the layered films appear to have higher conduction than the blended films is their ability to keep the charges separated. In blended films, the probability of charge-charge recombination is always high because the percolation path is not well-defined and depends on the blend film conditions (e.g., relative concentrations, isolated domains, inhomogeneities, etc.). However, in layered films with welldefined conduction paths and structure, carriers can be separated into the opposing layers so the recombination probability decreases. Such a separation of carriers is expected to improve the overall efficiency of the solar cell. There are already reports of using double and multilayered structures exhibiting enhanced performance over single layer blend heterojunction devices, and they could be considered as prototype devices employing alternating layered films. 16, 33, 42, [44] [45] [46] However, further advancements in device engineering (e.g., film-to-electrode attachment design) are required to take advantage of the proposed efficiency observed via TRTS measurements on thin multilayer films.
D. Frequency-Dependent Conductivities. An important way to differentiate whether TRTS signals originate from free carriers as opposed to other sources such as excitons is by extracting the frequency-dependent conductivity. In general, semiconductor systems having a dominant real component of the conductivity indicate that free carriers are responsible for the measured signal.
9 Figure 8a shows absolute signal levels of a reference THz waveform and the change in the transmitted THz waveform measured 20 ps after 400 nm photoexcitation of the 5 nm alternating multilayer film. The overlap of the two waveforms shown in Figure 8 indicates that the measured differential THz transmission signal follows the reference single cycle THz pulse waveform but with opposite sign due to charge generation. The real and imaginary conductivities are calculated from the frequency-dependent phase and amplitude resulting from the fast Fourier transform of the reference THz waveform and the corresponding waveform for the pump-modulated sample (reference plus induced change). 5 Calculated real and imaginary conductivities for the 5 nm layered film are plotted in Figure 8b , and both the real and the imaginary conductivities exhibit a linear dependence with frequency. The significantly larger real conductivity (with approximately zero imaginary component) indicates that the measured TRTS signal is dominated by free carrier diffusion and exciton contributions are negligible. 9 Conductivity models, including Drude-Smith, have been employed to describe free carrier conductivity of organic photoconducting systems measured with TRTS. 6, 7, 9, 10 However, the fitting accuracy of the model requires a broader frequency bandwidth than that typically probed in a TRTS experiment (0.3-2.5 THz) up to a spectral region where the frequencydependent conductivity deviates from the linear regime. 11 Unfortunately, our instrument is currently limited to an upper frequency of 2.8 THz so the nonlinear regime cannot be interrogated with our data. Extrapolation of the calculated real conductivity to 0 Hz estimates the DC conductivity of the samples measured by TRTS. 6 The 5 nm alternating film sample yields a DC conductivity of ∼0.5 S/cm. This result is many orders of magnitude larger than the reported conductivity of neat ZnPc (<10 -10 S/cm) and neat C 60 (∼4 × 10 -8 S/cm).
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This result signifies the importance of having an electron acceptor group (C 60 ) in close proximity to the donor (ZnPc) for efficient long-lived free carrier generation. E. Temperature-Dependent Conductivities. Figure 9 shows the temperature dependence of the differential THz transmissions of the (a) 5 nm, (b) 10 nm, and (c) 40 nm alternating layered films and (d) 1:1 blend film of ZnPc/C 60 . The transient differential transmission for the neat C 60 film (not shown) did not exhibit any signal change at 78 K as compared to the room temperature measurement. This result is another indication that the photogeneration and subsequent dissociation of excitons to yield free charge carriers at early time occurs predominantly within the C 60 molecule itself, or the activation barrier for free- charge generation is very low for a process that involves a nearby C 60 molecule. Measurements at lower temperatures (e.g., 10 K) may resolve mechanistic contributions involving secondary C 60 acceptor molecules or direct free carrier generation in neat C 60 films.
Differential transmission data of layered films at 78 K, however, show significantly faster decays at early time delays and similar decay rates after 10 ps as compared to those measured at 295 K. Because the neat C 60 response is temperature independent, the measured change must be related to separation of the carriers generated at the interface. A faster decay suggests an increasing recombination rate for the carriers generated after the excitation. This may imply that the carriers are still within the Coulomb interaction range and may not be able to travel sufficiently far away from the generation site at lower temperatures, thus resulting in an increased probability for recombination relative to room temperature. However, once carriers travel sufficiently far away from the generation site, their diffusion does not seem to be affected by the lower temperature.
Conclusions
In this investigation, we assessed the relative efficiencies of multilayered ZnPc/C 60 thin films with nanometer thick alternating layers by monitoring the ultrafast decay dynamics of carriers with TRTS using 400 and 800 nm excitation wavelengths. The results showed increased photon-to-carrier efficiencies as the alternating layer thickness is decreased from 40 to 5 nm, and the relative efficiencies exhibit a linear dependence on the total interface number of the multilayer film rather than the thickness of the individual layers. Photoexcitation of neat ZnPc and multilayered films results in tightly bound excitons that require a strong interaction between ZnPc and C 60 molecules to enable efficient free-carrier extraction. Photoexcitation of neat C 60 with 400 nm pump pulses results in a relatively higher yield of photocarriers that recombine almost completely within the first 15 ps. Negligible long-lived carrier generation for neat C 60 and neat ZnPc films explains why there are many orders of magnitude lower photoconductivities for neat component films as compared to those for layered and blended films of ZnPc and C 60 observed in this study and related device measurements.
These TRTS layered film studies suggest there are two independent contributors to the carrier generation process. First, there is carrier generation within bulk C 60 that does not result in a significant amount of long-lived carriers. Second, free carrier generation occurs at the interfaces (via exciton dissociation) of multilayer films within the active interaction regime of the ZnPc and C 60 molecules. Our findings suggest that the latter may be the main driving force of conduction in these designs of solar cell devices.
The linear dependence of the relative efficiency to the interface number of multilayered films for layer thicknesses down to 5 nm suggests that photogenerated excitons are localized and experience very slow or possibly no diffusion within the experimental time frame of our measurements. In this view, applying synthetic methods to achieve very thin photoactive interfacial regions with thicknesses approaching a few nanometers should achieve the highest photon-to-carrier efficiencies for solar cell applications.
Temperature-dependent measurements also indicated that a slight increase of the early time recombination rate of the carriers occurs at lower temperature, but a similar longer-time decay rate (from free-carrier recombination) exists as compared to room temperature measurements. This increase in recombination rate may be correlated to the kinetic energies of the carriers or changes in film morphology. Most noteworthy, this study demonstrates the strength of timeresolved THz probe measurements for assessing the free-carrier generation efficiencies of the photoactive layers in candidate solar cell materials. These relatively straightforward optical measurements suggest that TRTS will become a complementary technique to direct device measurements for the future characterization of new solar cell materials and device designs.
